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Abstract. We show that application of voltage between two electrically conducting bodies 
separated by a thin dielectric layer is equivalent to an adhesive contact with an effective sepa-
ration energy depending quadratically on the applied stress. Under assumption of Coulomb 
friction in the contact interface, a closed form equation for the friction force is derived. 
 
1. Introduction 
Friction is an important quantity influencing the tactile perception of humans and other biological 
species [1]. It is known that the level of friction can be changed by application of a voltage be-
tween the finger and the substrate. This effect was experimentally investigated almost one century 
ago, in 1917-1923, by Johnsen and Rahbek [2] and became recently again a topic of high current 
interest due to applications of electrohaptics in robotics and in systems for shape recognition for 
blind persons [3], [4]. However, the detailed mechanism of the influence of voltage on friction is 
still not understood [4]. In the present paper we use the initial idea of Johnsen and Rahbek to de-
velop a quantitative model for voltage induced friction. Johnsen and Rahbek write: “In the course 
of some experiments in telephony, the authors discovered in 1917 that in some cases an apprecia-
ble adhesion occurs between two bodies in contact with each other, when a difference of electrical 
potential exists between them.” [2]. In the present paper we will show, that a contact of conduct-
ing bodies can indeed be considered as adhesive contact with the work of adhesion depending on 
the applied voltage. We use this idea and the recent understanding of friction in adhesive contacts 
to derive a simple explicit equation for the force of friction. 
 
2. Problem statement and model description 
The background physical system which we would like to describe is a finger in a contact with a 
flat rigid screen consisting of conducting substrate and rigid dielectric coating. We model the fin-
ger as conductive elastic axisymmetrical paraboloid with the shape function  
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The assumption of axisymmetricity is not essential for the following consideration but simplifies 
the parametrization of the contact and allows more concise presentation of the main idea. The 
considered model is schematically shown in Fig. 1. The external load can be described either with 
the indentation depth d  (which in adhesive case can be both positive and negative) and the nor-
mal force 
N
F . We define the contact radius a  as the radius of contact area with the dielectric coat-
ing. Further, we introduce the distance ( )h r  between the surface of the “finger” and the conduct-
ing substrate. Inside the contact area, this distance is equal to the thickness 
0
h  of the dielectric 
coating. If a voltage V  is applied between the conducting substrate and the finger, the surfaces of 
these bodies become electrically charged, as in a plate capacitor and attract each other. As the 
charge in conducting bodies is distributed in the thin surface layer [5], we have to do with attrac-
tive interaction directly between two surfaces that is with the classical problem of adhesion. In the 
present paper, we will assume that solution of the corresponding adhesive contact problem is giv-
en in good approximation by the JKR theory, which means that the characteristic range of interac-
tion is much smaller than the indentation depth. The most important parameter of adhesive inter-
action – the specific work of adhesion can be easily specified in explicit form. 
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Fig. 1 Schematic presentation of the model. An elastic axis-symmetric paraboloid (radius of curvature R ) is in contact with 
the rigid plane counter body consisting of conducting substrate and dielectric hard coating with thickness 0h . Between the 
substrate and the finger, a voltage V  is applied. 
3. Electro adhesion 
Consider two elements of the surface of the “finger” and the substrate opposing each other, each 
having area AD . They build a capacitor with the plate spacing h , which is connected to a voltage 
source, which ensures the constancy of the voltage regardless of the (variable) plate spacing. In 
our case, the space between the conducting surfaces is filled partially with material having relative 
permittivity e  (the dielectric layer with thickness 0h ) while the rest is filled with air, with relative 
permittivity approximately equal to one. This structure can be considered as a series connection of 
partial capacities, so that the total capacitance is given by  
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where 
0
e  is the vacuum permittivity. Inserting (3) into (2) returns the total capacitance 
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The attractive electric force acting between the plates is given by the Eq.  
 2 21 d 1
2 d ( )el
F C V
h C h
æ ö÷ç ÷= ç ÷ç ÷çè ø
. (5) 
With account of (4), it follows 
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The normal component of attractive stress is thus 
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In particular, in direct contact (
0
h h= ), the stress is equal to  
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For the specific work of adhesion we get 
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The considered contact is of course an adhesive contact with adhesive interaction (7). Assum-
ing large value of the Tabor parameter [6], we can apply to this contact the theory of Johnson, 
Kendall and Roberts (JKR) [7] to find the relations between the normal force, the indentation 
depth and the contact radius. The only difference from the classical JKR-theory is explicit de-
pendence of the work of adhesion on the applied voltage, given by Eq. (9). This means, that ap-
plying voltage, one can control adhesion. 
 
4. Friction under voltage 
Friction in an adhesive contact is a problem which was recently controversially discussed. In this 
Section we use the model considered in [8] and reproduced with improved derivation in [9]. In [8] 
and [9], it was shown that the force of friction in the sliding state is given by the Equation  
 ( )2 0 ,adh( )x NF a F am p s= , , (10) 
where a  is the contact radius in the adhesive contact corresponding to the normal force 
,adhN
F , 0s  
is the adhesive stress in the direct contact (in our case given by the Eq. (8)), and m  the coefficient 
of friction in the interface between the finger and the dielectric layer.  
In the limiting case of JKR, Eq. (10) can be written explicitly as  
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where the contact radius is determined by the JKR-Equation 
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Here  
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where E  is the Young modulus of the finger and n  its Poisson number. 
Note that in the absence of the external normal force (
,adh
0
N
F = ) there will be still some 
force of friction, 2
0x
F amp s= , where a  is the contact radius in adhesive contact without external 
load. In this case Eq. (12) and (11) lead to the result 
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5. Conclusions 
In the present paper we followed the ingenious insight by A. Johnsen and K. Rahbek considering 
the voltage induced attraction of conducting surfaces as a sort of adhesion. The contact of two 
conducting bodies separated by a thin dielectric layer is indeed equivalent to the adhesive contact 
problem with the work of separation depending on the applied voltage. Recent advances in under-
standing of adhesive contacts with friction allowed for a simple analytical solution for the force of 
friction, assuming Coulomb friction in the immediate interface between the bodies. The force of 
friction is given in general case by Eq. (10) and in the JKR limit by Eq. (11). 
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